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Abstract 

Autophagy is a conserved process in eukaryotes required for metabolism and is involved in diverse diseases. To investigate 
autophagy in skeletal muscle under hyperglycemia status, we established two hyperglycemia-rat models that differ in their 
circulating insulin levels, by glucose infusion and singe high-dose streptozotocin injection. We then detected expression of 
autophagy related genes with real-time PCR and western blot. We found that under hyperglycemia status induced by 
glucose-infusion, autophagy was inhibited in rat skeletal muscle, whereas under streptozotocin-induced hyperglycemia 
status autophagy was enhanced. Meanwhile, hyperglycemic gastrocnemius muscle was more prone to autophagy than 
soleus muscle. Furthermore, inhibition of autophagy in skeletal muscle in glucose-infusion hyperglycemia rats was 
mediated by the m-TOR pathway while m-TOR and Fox03 both contributed to enhancement of autophagy in 
gastrocnemius muscle in streptozotocin-induced hyperglycemia rats. These data shows that insulin plays a relatively more 
important role than hyperglycemia in regulating autophagy in hyperglycemia rat muscle through selectively activating the 
m-TOR or Fox03 pathway in a fiber-selective manner. 
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Introduction 

Hyperglycemia impairs cell function and biological processes, 
leading to severe physical injury and increased mortality [1,2,3]. 
Recent findings have demonstrated that autophagy is involved in 
diabetes and diabetes complications such as diabetic nephropathy 
[4,5,6,7], suggesting that autophagy is closely related to hypergly- 
cemia. 

Autophagy is an evolutionarily conserved process in eukaryotes 
that recycles cellular components [8]. It involves numerous 
autophagy related genes (ATGs) such as Beclinl, Atg5, Atg7, 
Atgl2. The most typical trigger of autophagy is nutrient starvation 
[7]. Starvation-induced autophagy was observed in many organ- 
isms including liver, muscle, heart, pancreas etc. Compared with 
most other organs, autophagy in skeletal muscle is more sensitive 
for an obvious longer time of autophagy activation [9] . Autophagy 
controls muscle mass during catabolic conditions and required for 
basal myofiber homeostasis [10,11]. Recently, He C et al. [12] 
found that autophagy plays a crucial role in glucose homeostasis in 
mice muscle during excise, suggesting that autophagy is closely to 
metabolism in skeletal muscle. However, whether loss of homeo- 
stasis, such as hyperglycemia, in turn affected autophagy in muscle 
got less attention. Thus, our interest was aroused to focus on 
autophagy in skeletal muscle under hyperglycemia status. 



Skeletal muscle contains slow as well as fast twitch muscle fibers 
exhibiting different proteomics and transcriptomics [13]. Gastroc- 
nemius muscle is composed mainly by fast-twitch muscle fibers 
and soleus muscle is composed mainly of slow-twitch muscle fibers 
[14,15]. A variety of recent reports have indicated that gastroc- 
nemius and soleus differ in many properties [16,17,18], and 
diversity of responses of different skeletal muscles to starvation- 
induced autophagy has been observed [9]. The AKT signaling 
pathway plays a crucial role in autophagy in rat skeletal muscle. 
Downstream of AKT, m-TOR and Fox03 regulate autophagy 
under certain circumstances [19]- Activation of the Fox03 
pathway enhances autophagy [20] while the m-TOR pathway 
plays a negative role in autophagy [21]. 

In our study, we focus on autophagy in skeletal muscle 
(gastrocnemius and soleus) under hyperglycemia induced by 
different mechanisms. Comparing glucose-infusion hyperglycemia 
rats (GLU-rats) with streptozotocin-induced hyperglycemia rats 
(STZ-rats), we found that effect on autophagy in these two 
hyperglycemia rats was opposite. We attribute this to the different 
insulin levels and provide evidence that the effect is mediated by 
the mTOR pathway and Fox03 pathway. In addition, the 
response differs in the two fiber types studied. 
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Results 

Autophagy is Inhibited in Gastrocnemius of GLU-rats 

To investigate autophagy under hyperglycemia status in skeletal 
muscle, we first studied the gastrocnemius of GLU-rats. GLU-rats 
showed a significant increase in blood glucose (18±4.0 mmol/L) 
and insulin (1 1.0 ± 1.5 mmol/L) levels compared with control rats 
(6.3 ± 1.1 mmol/L, 0.57 ±0.50 mmol/L) (Figure 1A), implying 
that the GLU-rats exhibited hyperglycemia with a high insulin 
level. 

Expression of the autophagy-related genes LC3, Atg5, Atg7, 
Atgl2, and BECN1 was analyzed by RT-PCR (Figure IB). 
Compared with control rats, mRNA levels of LG3, Atg7, BECN1 
significandy decreased while Atg5, Atgl2 showed a weak decrease 
that was not statistically significant. To examine whether 
translation levels were affected, we used Western blot to detect 
LC3, Beclinl and ATG7 (Figure 1C). LC3-II, which is one marker 
for autophagy [22], was showed a dramatic decrease in GLU-rats. 
Compared with control rats, Beclinl, an essential autophagy 
related protein in skeletal muscle, was also significantly reduced. 
Since the ratio of LC3-II to LC3-I may be more correlated with 
autophagy than the absolute levels [22], we compared the ratio 
LC3-II/LC3-I between GLU-rats and control rats (Figure 1C) and 
also found a significant decrease. Therefore, autophagy was 
suppressed in gastrocnemius of GLU-rats. 

Autophagy is Enhanced in Gastrocnemius of STZ-rats 

Next, we investigated autophagy in gastrocnemius of the other 
hyperglycemia rat model, STZ-rats, which was established by a 
single high-dose of streptozotocin and characterized by damage 
toPcells. In order to eliminate the potential possibility that STZ 



may directly induce autophagy, we performed western blot in 
C2C12 muscle fibers and got a negative result (Figure SI). 

STZ-rats showed a significant increase in blood glucose level 
(25±3.0 mmol/L) compared with control rats(6.1±1.5 mmol/L). 
However, the insulin level in STZ-rats (0.15±0.020 mmol/L) 
exhibited a dramatic decrease compared with control rats 
(1.2±0.11 mmol/L), which differed from GLU-rats (Figure 2A). 

RT-PCR and western blot showed that the mRNA levels of the 
autophagy related genes LC3, Atg5 and BECN1 significandy 
increased, while Atg5 and Atgl2 showed a slight increase 
(Figure 2B). The changes in the levels of the autophagy related 
proteins mirrored the changes in the mRNAs. The translation 
levels of LC3-II, Beclinl and LC3-II/LC3-I showed a statistically 
significant increase, with ATG7 showing a marginal increase 
(Figure 2C). Thus, autophagy was enhanced in the gastrocnemius 
of STZ-rats. 

Autophagy in the Soleus in the Two Hyperglycemia Rat 
Models 

To investigate whether soleus differs from gastrocnemius in 
skeletal muscle autophagy under hyperglycemia, the autophagy 
related proteins LC3, Beclinl, ATG7 were analyzed by western 
blot in soleus of the two hyperglycemia rat models. In GLU-rats, 
LC3-II/LC3-I and Beclinl showed a statistically significant 
decrease, while ATG7 exhibited a slight decrease (Figure 3A). 
Although autophagy in the gastrocnemius and soleus of GLU-rats 
were both reduced, the soleus showed a lesser decrease compared 
with the gastrocnemius. However, in STZ-rats, expression of the 
autophagy related proteins LC3, Beclinl and ATG7 in the soleus 
remained unchanged compared with control rats (Figure 3B). 
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Figure 1. Autophagy in gastrocnemius is inhibited in Glucose-infusion hyperglycemia rats (GLU-rats). A: GLU-rats were treated with 
50% glucose via carotid artery infusion for 24 h (2 mg/kg/h). Control rats were treated with an equivalent volume of 0.9% sodium chloride for 24 h. 
Blood glucose and insulin levels were measured before the rats were killed. B: mRNA levels of LC3, Atg5, Atg7, Atg12, BECN1 were detected by RT- 
PCR in gastrocnemius. C: Gastrocnemius lysates were analyzed by Western blot using anti-LC3, anti-Beclin 1, anti-ATG7 and anti-Actin. (*P<0.05, 
**P<0.01, ***P<0.001). 
doi:1 0.1 371 /journal.pone.0087254.g001 
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Figure 2. Autophagy in gastrocnemius is triggered in Streptozotocin-induced hyperglycemia rats (STZ-rats). A: STZ-rats were treated 
with streptozotocin via intraperitoneal injection (5 mg/kg). Control animals received an equivalent volume of citric acid buffer. Blood glucose and 
insulin levels were measured before rats were killed. B: RT-PCR was performed to detect the mRNA levels of LC3, Atg5, Atg7, Atg12, and BECN1 in 
gastrocnemius. C: Protein levels of LC3, Beclinl and ATG7 were analyzed by Western blot in gastrocnemius. (**P<0.01, ***P<0.001). 
doi:1 0.1 371 /journal.pone.0087254.g002 



M-TOR and Fox03 are Involved in Autophagy in Skeletal 
Muscle in Hyperglycemia Rats 

From the above results, the two hyperglycemia rat models have 
nearly opposite effects on autophagy in skeletal muscles. We 



investigated whether m-TOR and Fox03 [19] are involved in 
mediating this process. 

P-S6 and p-Fox03a are commonly used as indicators for 
activation of the m-TOR pathway and Fox03 pathway, 
respectively. In GLU-rats, we observed a noticeable activation of 
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Figure 3. Autophagy alteration in soleus of GLU-rats and STZ-rats. Soleus lysates were analyzed by Western blot using anti-LC3, anti-Beclin 
1, anti-ATG7 and anti-Actin in GLU-rats (A) and STZ-rats (B) compared with control rats. (*P<0.05). 
doi:1 0.1 371 /journal.pone.0087254.g003 
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m-TOR in gastrocnemius (Figure 4A) and soleus (Figure 4B), as 
determined by an increase of p-S6. Meanwhile, the Fox03 
pathway showed no significant alteration in skeletal muscle of 
GLU-rats. These results indicate that activation of the m-TOR 
pathway led to the repression of autophagy. In STZ-rats, the 
alteration in the m-TOR pathway in gastrocnemius was the 
reverse of that in GLU-rats; p-S6 decreased and p-Fox03a 
significandy increased, indicating repression of m-TOR together 
with activation in Fox03 led to enhancement in autophagy in the 
gastrocnemius. In soleus of STZ-rats, no significant alteration in 
the m-TOR or Fox03 pathway was detected, in which correlates 
with no change in autophagy (Figure 4D). The above results 
suggest that m-TOR is mainly involved in autophagy in 
hyperglycemia rat skeletal muscle. In addition, Fox03 is involved 
in the enhancement of autophagy in the gastrocnemius in STZ- 
rats. The M-TOR and Fox03 pathways showed no alteration in 
the soleus of STZ-rats which may may due to the non-sensitive 
property to lack of insulin of the soleus fiber in STZ-rats [23]. 
Alteration in p-mTOR was also detected as shown in supplement 
materials (Figure S2). 

Discussion 

In our study, we found that autophagy was altered in 
hyperglycemia rat skeletal muscles, and the effects were opposite 
in the two hyperglycemia models. Autophagy was inhibited in 
both gastrocnemius and soleus and mediated by the m-TOR 
pathway in GLU-rats. In STZ-rats, autophagy was enhanced in 
the gastrocnemius and mediated by the m-TOR and Fox03 
pathway, while autophagy in the soleus was unchanged. In 
addition, the gastrocnemius was more sensitive to autophagy than 
the soleus in hyperglycemia rats. 



The glucose-infusion hyperglycemia model and the streptozot- 
ocin-induced hyperglycemia model are both classic hyperglycemia 
models that are used widely in research. In the former model, 
pancreatic P cell proliferation is activated, leading to a relatively 
higher insulin level [24] . In the latter model, the single high dose of 
streptozotocin induces damage in rat fi cells [25], causing a lower 
insulin level. The difference in autophagy observed in our study 
suggested that insulin may be a crucial regulator to autophagy 
under hyperglycemia conditions. Actually, high fat diet induced 
hyperinsulinemia was reported to suppress autophagy in mice liver 
[26]. However, more specific researched are needed to certificate 
the relationship between insulin and autophagy in skeletal muscle 
under hyperglycemia. 

The gastrocnemius was found to be more sensitive to autophagy 
than the soleus. The diversity of autophagy responses in skeletal 
muscle may due to different regulation of protein synthesis and 
degradation in fast-twitch and slow-twitch muscle fibers [27]. As 
previously reported, the gastrocnemius is more prone to be 
affected by external changes such as food deprivation, resulting in 
protein turnover [27,28]. Since autophagy is a process of 
degradation, our observations seems to be consistent with previous 
studies. However, we didn't detect specific markers for protein 
synthesis or degradation in this study. Therefore, although we 
found that gastrocnemius and soleus differed in responses to 
autophagy, underlying mechanism needs further evidence. What's 
more, different oxidative capacity of fast-switching muscle and 
slow-switching muscle may be another cause. Fast-switching 
muscle, which possesses a low oxidative capacity, showed a 
greater extent in basal and starvation-induced autophagy [29] . In 
STZ-rats,results were more complicate since we did not detect an 
alteration in autophagy in the soleus. Different properties of 



CON 



GLU 




CON 



GLU 




£ ° 0.5J 

00 1 1 1 I I , I 




CON GLU 



CON 



STZ 




CON 



STZ 




CON STZ 



Figure 4. Signaling pathway involved in autophagy in muscle of GLU-rats and STZ-rats. Gastrocnemius lysates (A) and soleus lysates (B) 
from GLU-rats were analyzed by Western blot using anti-pS6, anti-pFox03 and anti-Actin and compared with control rats. In STZ-rats, western blots 
were performed with these same antibodies in gastrocnemius (C) and soleus (D) and compared with control rats. (***P<0.001). 
doi:1 0.1 371 /journal.pone.0087254.g004 
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muscle fibers in STZ-rats aroused researchers' attention ever since 
1975. Armstrong R et al pointed out that soleus was not sensitive 
to lack of insulin induced by STZ, exhibiting a least alteration in 
histochemical properties. Maybe our results could be a supplement 
to their research that soleus also appeared to be least affected 
related to autophagy under hyperglycemia status [23]. 

The M-TOR pathway showed detectable changes in the two 
skeletal muscle in both GLU-rats and STZ-rats, while Fox03 
changed only in gastrocnemius in STZ-rats. Maybe the roles of 
mTOR and Fox03 playing in protein turnover was a potent 
cause. mTOR regulates cell function mainly via regulation of 
protein synthesis [30] while Fox03 mainly controls protein 
degradation [31]. Autophagy is a main pathway of degradation 
[32]. Fox03 acted together with m-TOR when autophagy was 
activated, whereas m-TOR played an important role alone when 
autophagy was inhibited. 

The alteration in autophagy in hyperglycemia rats is shown in 
Figure 5. In GLU-rats, hyperglycemia associated with a high 
insulin level activated the m-TOR pathway and inhibited 
autophagy in the gastrocnemius and soleus. The gastrocnemius 
is more sensitive to autophagy, so the change in autophagy in the 
gastrocnemius was more significant than in the soleus. In STZ- 
rats, hyperglycemia associated with lack of insulin inhibited the m- 
TOR pathway and activated Fox03 pathway, triggering autoph- 
agy in the gastrocnemius. Our data suggests that insulin may play 
a relatively more important role than hyperglycemia in autophagy 
in hyperglycemia rat muscle in a fiber-selective manner, with both 
mTOR and Fox03 involved. These findings might provide a new 
understanding of autophagy under hyperglycemia status in skeletal 
muscle. However, more research will be needed to specify the 
underlying mechanism. 



GLU-rats STZ-rats 

Hyperglycemia Hyperglycemia 



High Insulin Level Lack of insulin 




Figure 5. Autophagy in hyperglycemia rat skeletal muscle. In 

GLU-rats, the m-TOR pathway is activated in gastrocnemius and soleus, 
inhibiting autophagy. In STZ-rats, the m-TOR pathway is repressed and 
the Fox03 pathway is activated in gastrocnemius, enhancing autoph- 
agy. 

doi:1 0.1 371 /journal.pone.0087254.g005 



Materials and Methods 

Animals 

Four-week-old female SD rats (weight = ±200 g) were pur- 
chased from SLAC Laboratory Animal Co. Ltd. (Shanghai, 
China). All animals were housed at 18°C-25°C under 12 h light 
and dark cycles and allowed access to food and water ad libitum. 
The National Institutes of Health principles of laboratory animal 
use and care were strictly followed with institutional approval of 
Shanghai Institutes of Biological Sciences, Chinese Academy of 
Sciences. 

Reagents and Antibodies 

RIPA, protease inhibitor, phosphatase inhibitor, and strepto- 
zotocin were obtained from Sigma (St. Louis, MO, USA); Trizol 
was from GIBCO-BRL (Grand Island, NY); Superscript III, 
Oligo(dT) were from Invitrogen (Carlsbad, CA, USA); citric acid 
was from Shanghai Chemical Reagent Limited Company 
(Shanghai, China); 0.45% Sodium Chloride Injection, 50% 
Glucose Injection were from Ruijin Hospital (Shanghai, China); 
RT-PCR detection kit was from Takara (Kyotojapan); BCA 
protein assay kit was from Thermo Scientific (Rockford, IL, USA); 
Pierce ECL Western blotting substrate was from Thermo 
Scientific (Rockford, IL, USA). Anti-LC3 was obtained from 
Sigma (St. Louis, MO, USA); anti-Beclin 1 , anti-Atg7, anti-pS6 
(ser235/236), anti-pFOX03a (ser3 18/321) were from Cell Signal- 
ing Technology (Beverly, MA, USA); anti-Actin was from Abmart 
(Shanghai, China). 

Development of GLU-rats and STZ-rats 

GLU-rats were treated with 50% glucose injection via carotid 
artery infusion for 24 h (5 g/kg/h, n = 6). Control animals 
received an equivalent volume of 0.45% sodium chloride (n = 6); 
STZ-rats were treated with streptozotocin via intraperitoneal 
injection (65 mg/kg, n = 6). Control animals received an equiva- 
lent volume of citric acid buffer (n = 6). Glucose level and insulin 
level were detected from the second day after streptozotocin 
injection until rats were killed in the forth day, then gastrocnemius 
and soleus muscle were prepared for western blot and RT-PCR. 

Western Blotting 

Soluble lysates (20 u.g per lane) were subjected to 10% or 12% 
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS- 
PAGE). Proteins were then transferred to nitrocellulose mem- 
branes and blocked with 5% nonfat milk/TBST for 1 h at room 
temperature. Membranes were incubated with primary antibodies 
(diluted by 1:1000) for 18 h at 4°C. After washing membranes 
with TBST three times, membranes were incubated with 
horseradish-peroxidase-conjugated antibody for 1 h at room 
temperature followed by three washings. Western blots were 
developed using Pierce ECL Western blotting substrate and 
quantified by Quantity One software. 

RT-PCR 

RNA was collected with trizol from all rats. Two micrograms of 
total RNA was used for first-strand cDNA synthesis by using 
Superscript II Reverse Transcription Kit. Primers were designed 
using Primer 5 software. Duplicate PCR was carried out with the 
intercalating dye SybrGreen. PCR cycles were programmed on an 
ABI Prism 7000 Sequence Detection System (Applied Biosystems). 
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Statistics 

All values are expressed as means ± S.D. Significances of 
differences among groups were evaluated using unpaired t test. A 
P value of less than 0.05 was considered statistically significant. 

Supporting Information 

Figure SI STZ has no effect on autophagy in C2C12 
skeletal muscle cells. Mature G2C 12 skeletal muscle cells were 
exposed to 2.5/5 mil STZ for 0 h, 3 h, 6 h, 9 h, 12 h and 16 h, 
then western blot was performed to detect autophagy using anti- 
LC3 and anti-GAPDH. 
(TIF) 
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